a b s t r a c t Solubility, critical states and liquid-liquid equilibrium (LLE) data for the quaternary system acetic acid-ethanol-ethyl acetate-water and for the ternary sub-systems acetic acid-ethyl acetate-water and ethanol-ethyl acetate-water were obtained at 293.15 K and atmospheric pressure. Binodal curves, tielines and compositions of critical points were determined. In order to construct the binodal surface and critical curve of the quaternary system, three quaternary sectional planes with several ratios of acetic acid and ethanol were studied. Experimental LLE data were compared with the values calculated by UNIFAC model and it was found that the experimental and calculated data are in a good agreement.
Introduction
The investigation of phase transitions accompanied by chemical reaction is of importance for design of energy-and resourcesaving chemical engineering processes. The completion of chemical reaction is limited by chemical equilibrium between reactants and products, so industrially important chemical processes must include following separation of equilibrium mixture and recycling of the reactants. Also the limited miscibility in reacting mixture may substantially influence on the run of chemical reaction and complicate industrial processes. Thereby coupled processes combining phase transition and chemical reaction has been intensively studied in recent decades. These researches mostly concerned with reactive distillation combining chemical reaction and vapor-liquid phase transition (see, e.g. [1] [2] [3] [4] [5] [6] [7] ).
Except for practical application the study of the phase equilibria in chemical reactive systems makes a contribution to the development of fundamental thermodynamic theory, it gives, for example, new data on structure and peculiarities of phase diagrams and on critical states in multicomponent reacting systems. However in spite of applied and fundamental significance of the systems combining phase transition and chemical reaction experimental data sets on these systems are relatively scarce. The most investigated now are systems with ester synthesis reaction [8] . Because of limited solubility of ester and water the phase diagrams of these systems usually has a miscibility gap. Liquid-liquid envelop should significantly influence on the chemical reaction run and the study of solubility is a necessary both for process design and basic consideration. The description of phase diagrams should also include the data on liquid-liquid equilibrium (LLE) and critical states: some new experimental results for the system with n-propyl acetate synthesis reaction and thermodynamic consideration of critical states of LLE in reacting systems had been recently presented in our papers [9, 10] . Calculation of the disposition of critical points is discussed in [11] [12] [13] [14] ; new experimental data on critical states in multicomponent systems are reported in [15] .
In presented work the system acetic acid-ethanol-ethyl acetate-water, which is industrially important system (i.e. for ethyl acetate synthesis), was chosen as an object of investigation of miscibility gap and critical states of LLE. There are a number of theoretical and experimental researches that present detailed data on vapor-liquid equilibrium in this system. Theoretical analysis of thermodynamic properties and description of topological structure of the system are presented in [16] , calculation was carried out using UNIQUAC model (343-352 K, 101.3 kPa). Vapor-liquid equilibrium was experimentally investigated at isobaric conditions (101.3 kPa) in [17] . In this work except for the quaternary system in a state of chemical equilibrium (352-357 K), vapor-liquid equilibrium was studied in non-reactive binary systems ethyl acetate-ethanol (347-351 K), ethyl acetate-acetic acid (351-389 K), water-acetic acid (373-387 K), data from [18] [19] [20] were used for system ethanol-water. The correlation of binary data was carried out on the base of the equations of Wilson, NRTL and UNIQUAC. Experimental results are in a good agreement with other data [21, 22] . System with ethyl acetate synthesis 0378-3812/$ -see front matter © 2011 Elsevier B.V. All rights reserved. doi:10.1016/j.fluid.2011.09.035 reaction had been also considered in [23] , but this work does not give a complete thermodynamics description, only binary systems ethanol-acetic acid and ethyl acetate-water were investigated (50 kPa and 101.3 kPa). Authors of [24] measured the chemical equilibrium constant (348-373 K), the experimental data on vapor-liquid equilibria were correlated using UNIQUAC model, calculations were found to be in a good agreement with the experimental data (343 K, 101.3 kPa). Another research of vapor-liquid equilibria (519-559 K, 101.3 kPa) is presented in [25] . Chemical equilibrium surface in the system with ethyl acetate synthesis reaction is presented in paper [1] . The study of liquid-liquid equilibria in system acetic acid-ethanol-ethyl acetate-water (342 and 363 K; 101 kPa and 200 kPa, respectively) is reported at [26] , calculation of liquid-liquid equilibria was carried out by UNIFAC model; diagrams of liquid-liquid equilibria are shown for 101.3 kPa and 200 kPa, data on vapor-liquid equilibria are presented for 101.3 kPa. Paper [27] represents new algorithms for calculation of simultaneous chemical and phase equilibrium and phase diagrams for system under study; calculation was made on the base of UNIQUAC model; authors make reference to results of calculations in [28] . The thermodynamic consistency of experimental data for the system acetic acid-ethanol-ethyl acetate-water is also discussed in [29] , parameters of Wilson equation are calculated using different sets of experimental data. In paper [30] the results of the modeling of equilibria in system acetic acid-ethanol-water-ethyl acetate using the equations of Margules and Wilson is discussed. Modeling on the base of a group model is described in [31] .
Literature data analysis shows that there are no experimental sets of the data on liquid-liquid critical states in considered system. Accordingly the problem of experimental determination or calculation of critical points in the system acetic acid-ethanol-ethyl acetate-water has not been set up to the present day. This work presents the results of our experimental study of solubility, LLE and critical states in system acetic acid-ethanol-ethyl acetate-water at 293.15 K.
Experimental

Materials
Acetic acid ("purified" grade) was purified by two times rectification, with the presence of 98% sulphuric acid. Ethanol ("reagent" grade) and ethyl acetate ("purified" grade) were purified by distillation, water was bidistilled. The purity of chemicals (see Table 1 ) was verified chromatographically and in terms of refraction indexes and boiling points. All physico-chemical constants of pure substances were found to be in agreement with the literature data [32] .
Methods
The solubility and critical phenomena were studied by cloudpoint technique method. Binary or ternary mixtures of known overall composition within the homogeneous region were prepared by gravimetric method in round-bottomed flask (100 ml) using analytical balance Shinko VIBRA HT-120CE (Japan) with an accuracy of 0.001 g. Initial compositions were chosen so that experimental points were placed on the same distance on the bimodal surface. Titration was performed in liquid thermostat (293.15 K) at continuous stirring by magnetic stir bar. Bidistilled water as a titrant was added to initial mixtures using 2 ml microburette. Accuracy of titrant volume measurement was estimated to be 0.05 ml. Turbidity of the solution to be titrated persisting during at least 2 min was considered to be a final point of titration. Taking into account a volume of mixtures (20-50 ml) and volume of titrant drop (0.02 ml) accuracy of concentration determination was estimated to be 0.001 mole percent. Taking into consideration another possible factors affecting on accuracy (such as purity of chemicals, thermostatic control uncertainty and others) maximum error of an experimental data was appreciable to be ±0.002 mole fraction of the component. LLE was investigated using gas chromatography. At first binary, ternary and quaternary mixtures of known overall composition within the heterogeneous region were prepared in glass vessels (2-3 ml) by gravimetric method. Stirred up sealed vessels were placed in the liquid thermostat (293.15 K). It was considered that the phase equilibrium is reached when there was a full distribution of the phases among themselves. After reaching of phase equilibrium samples were taken from both phases with 1 l chromatographic syringe ("Hamilton", USA) and analyze by gas chromatography. Gas chromatograph "Chromatec Crystal 5000.2" (Russia) with packed column Porapak R 1 m long and 3 mm i.d. was used. Helium with flow rate equal to 30 ml/min was used as a carrier gas. Operating temperature of column measured up to 453 K. Vaporizing injector was maintaned at 503 K. Detection was carried out by a thermal conductivity detector at 513 K. Method of internal normalization and relative calibration were used to calculate compositions of equilibrium liquid phases. Ethanol was accepted as linking component. Uncertainty of gas chromatographic analysis averaged 0.005 mole fraction.
Results and discussion
In studies of solubility in ternary systems ethanol-ethyl acetate-water and acetic acid-ethyl acetate-water mixtures of ethanol + ethyl acetate and acetic acid + ethyl acetate were chosen as initial solutions, respectively, and were titrated with bidistilled water. Such binary systems are homogeneous (transparent solutions) and its turbidity takes place during titration. Compositions belonging to the solubility curve were fixed at a moment when the solution became "cloudy", i.e. genesis of the second phase took place. There is a chemical reaction (reaction of ethyl acetate hydrolysis) in ternary systems ethanol-ethyl acetate-water and acetic acid-ethyl acetate-water, however it does not influence on the composition of the experimental solutions because of ethanol (in the first case) and acetic acid (in the second case), products of ethyl acetate hydrolysis, are the components of systems under study and the rate of reaction is very small, so concentration of ethanol (in the first case) and acetic acid (in the second case) obtained in the course of the reaction are less than 0.001 mole fraction. Thus data presented in this paper refer to the state of partial equilibrium: i.e. phase equilibrium, but not chemical equilibrium. Experimental data on solubility of ternary systems ethanol-ethyl acetate-water and acetic acid-ethyl acetate-water are listed in Tables 2 and 3 and its binodals are shown in Figs. 1 and 2 . Solubility of quaternary system acetic acid-ethanol-ethyl acetate-water was investigated with account of further construction of binodal surface in the composition tetrahedron on the base of experimental data. Series of solutions under study were prepared with keeping of certain constant ratios of acetic acid and ethanol in mixture investigated (3:1, 1:1 and 1:3). The disposition of sections in concentration tetrahedron is shown in Fig. 3 . Such a choice of sections can clearly and convenient present the form of binodal surface. Investigation of solubility was carried out for points of composition belonging to the chosen sections. Results of experimental determination of solubility in system acetic acid-ethanol-ethyl acetate-water are presented in Table 4 . Diagram of solubility constructed in concentration triangle for several sections of composition tetrahedron are shown in Fig. 4 . Disposition of binodals completely features the binodal surface shape of quaternary system as a whole. Binodal surface constructed on the basis of experimental data of this work is presented in Fig. 5 . Region of splitting is a relatively small area of the concentration tetrahedron, the overall concentration of acetic acid and ethanol on the binodal surface does not exceed 0.2 mole fraction.
In studies of LLE in ternary systems ethanol-ethyl acetate-water and acetic acid-ethyl acetate-water compositions of initial solutions were chosen so that experimental compositions of coexisting phases (tie-lines) were ordered uniformly on binodal curve. Experimental data on LLE for two above mentioned systems are listed in Tables 5 and 6 . Binodal curves constructed on the base of experimental data are presented in Figs. 1 and 2 . Experimental investigation of binodal surface of quaternary system acetic acid-ethanol-ethyl acetate-water was carried out with account of requirements for the choice of compositions of initial solutions. Series of quaternary solutions under study were prepared with keeping of certain constant ratios of ethanol and acetic acid in mixture for ordered and uniform disposition of experimental points on binodal surface; compositions of initial solutions were belonged to region of splitting (heterogeneous region). Experimental data on LLE for quaternary system acetic acid-ethanol-ethyl acetate-water are listed in Table 7 . Analysis of the experimental data shows that tie-lines (compositions of coexisting phases) do not belong to the planes of sections of the concentration tetrahedron but intersect them. Thus the presentation of the experimental tie-lines on planes of sections is incorrectly; these data should be presented in the space of concentration tetrahedron as in Fig. 6 .
Analysis of disposition of critical points on the binodal curve (in the case of ternary systems) and critical curve on the binodal surface (in the case of quaternary system) is another object of the experiment. The critical points composition for such system could be also found by cloud-point technique method i.e. by observation of blue opalescence at the moment of phase transition [15] . Ternary systems ethanol-ethyl acetate-water and acetic acid-ethyl acetate-water have the only critical point. Quaternary system acetic acid-ethanol-ethyl acetate-water has a critical curve, its run is presented in 3D concentration space (concentration tetrahedron) in Fig. 5 in a quality manner. Compositions of critical points of ternary sub-systems and quaternary system are listed in Table 8 . Figs. 1 and 2 show the disposition of the critical points of ternary sub-systems ethanol-ethyl acetate-water and acetic acid-ethyl acetate-water.
The experimental data sets on both ternary and quaternary systems had been compared with the data calculated with the use of UNIFAC model. The calculation procedure was based on approach developed in work [33] . UNIFAC parameters presented in book [34] had been used for the modeling. Tables 5-7 in comparison with experimental data. In general the simulation on the base of UNIFAC model leads to results which are in good agreement with experimental data. For quaternary system and both ternary systems the RMSD does not exceed 3.6%. For quaternary system the average RMSD value is smaller that indicate the possibility of simulation of LLE in acetic acid-ethanol-ethyl acetate-water system on the base of UNIFAC model. 
Conclusion
Detailed experimental data on solubility and LLE were obtained for ternary systems ethanol-ethyl acetate-water and acetic acid-ethyl acetate-water and quaternary system acetic acid-ethanol-ethyl acetate-water at 293.15 K. Compositions of critical points of LLE were determined for systems investigating. The set of new experimental data on solubility and LLE for quaternary system acetic acid-ethanol-ethyl acetate-water and ternary sub-systems enables to present the binodal surface and run of the critical curve in concentration tetrahedron. The comparison of LLE data with the values calculated from UNIFAC model indicates that the experimental and calculated data are in sufficient agreement.
